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Abstract  11 
Habitats differ in the invasion degree due to habitat properties and current spatial 12 
context. Historical context effects (i.e. land use change legacy) have been little studied 13 
and can be modulated by the invasion credit (the delayed increase in habitat invasion 14 
after changes in the land use). In this study we considered historical context to know if 15 
habitat changes affect the diverse components of plant invasion (introduction, 16 
establishment and spread) and to find evidence of invasion credit. The study is 17 
performed in the Barcelona province and consists in 531 sampling points distributed 18 
along 9 different habitats where we sampled the abundance (cover percentage) of each 19 
recorded alien plant species. Habitat and current and historical (past landscape and 20 
changes) spatial context variables were used to create the best model explaining 21 
introduction and establishment (presence and richness) and spread (mean abundance) 22 
of alien species in sampling points. The results show that alien species presence and 23 
richness are mostly influenced by habitat and topography but also by the number of 24 
changes, which suggests an effect of the land use legacy. The relationship between the 25 
historical landscape and alien species abundance provides evidence of an invasion 26 
credit. In conclusion, we have found evidence of an invasion credit in the spread stage 27 
while there is an effect of the historical legacy in the introduction and establishment. 28 
However, habitat invasion is a complex process affected by several factors such as 29 
species traits, the introduction event and residence time that should be considered in 30 
further studies.   31 
Key words: invasion degree, habitat invasion, invasion credit, land use legacy.   32 
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Introduction 33 
Alien species invasions are one of the most important threats for native species and 34 
habitats worldwide. However, not all native species are threatened to the same degree 35 
by invaders and not all habitats are equally invaded (Lonsdale 1999). It is known that the 36 
level of invasion of a given habitat (i.e., the actual number or proportion of alien plant 37 
species present in a habitat) strongly depends on habitat type (Crawley 1987; Vilà et al. 38 
2007). However, these differences might be determined by either habitat invasibility, the 39 
spatial context of the invaded habitat or both (Chytrý et al. 2005).  40 
Habitat invasibility has been defined as the relative number or proportion of alien plants 41 
when all of the context effects (climatic, topographic or landscape variables) are held 42 
constant (Chytrý et al. 2008). It has been found to be the most important factor in 43 
determining the level of invasion in large-scale studies (Chytrý et al. 2008). The most 44 
invaded habitats are those more influenced by human activity. In contrast, the least 45 
invaded are nutrient-poor habitats and those in the most extreme environmental 46 
conditions (Chytrý et al. 2005; Vilà et al. 2007; Chytrý et al. 2008). Therefore, the most 47 
important factor determining the invasion process is intrinsic disturbance regime and 48 
nutrient availability in habitats. The hypothesis of fluctuating resource availability states 49 
that disturbance returns resources to the system or decreases their consumption by 50 
eliminating resident vegetation (Davis et al. 2000) and these processes favour the 51 
introduction of alien species.  52 
The level of invasion of a given habitat might also be determined by the spatial context 53 
(Gassó et al. 2012). Some context factors such as climate, topography and surrounding 54 
landscape have been identified as correlates of habitat invasion (Deutschewitz et al. 55 
2003; Pino et al. 2005; Bartuszevige et al. 2006; Kumar et al. 2006; Catford et al. 2011; 56 
Vilà and Ibáñez 2011; Gassó et al. 2012; González-Moreno et al. 2013).  57 
Many of these context factors are associated to environmental constraints (climatic and 58 
topographic) that can limit the invasion process in different regions. For example, 59 
temperature constraints habitat invasion in Catalonia due to tropical and subtropical 60 
origin of the majority of its alien species (Pino et al. 2005; Gassó et al. 2012).  61 
The heterogeneity of the surrounding landscape is also an important context factor in 62 
determining alien plant invasions (Deutschewitz et al. 2003; Pino et al. 2005; 63 
Bartuszevige et al. 2006; Kumar et al. 2006; Catford et al. 2011; González-Moreno et al. 64 
2013). Propagule pressure, defined as the number of individuals introduced and the 65 
number of introduction attempts (Colautti et al. 2006), and disturbance level can be 66 
influenced by the surrounding landscape (Vilà and Ibáñez 2011; Basnou et al. 2014). 67 
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Propagule pressure is commonly assessed through proxy variables such as the density 68 
and distance to the main roads, and the distance to the urban zones or its cover 69 
percentage in the surrounding landscape (Chytrý et al. 2008). The shorter the distances 70 
to the main roads and the urban zones, the higher the propagule pressure in terms of 71 
individuals and species (Gassó et al. 2012; González-Moreno et al. 2013; Basnou et al. 72 
2014).   73 
It is important to consider at which distance context affects the invasion process. Some 74 
studies have concluded that the extent of the surrounding landscape has the maximum 75 
influence in the invasion process at smaller extents (250m) (Kumar et al. 2006). 76 
However, it should be noted that the scale at which spatial context affects the invasion 77 
process strongly varies among factors (Milbau et al. 2009). Climatic requirements are 78 
the determinants for the establishment of alien plants at a regional scale. Other factors 79 
such as topography and land use and cover become important at landscape scales, 80 
whereas soil type, disturbance regime or biotic interactions are the most important 81 
factors determining alien plants establishment and spread at local, habitat scale.  82 
In addition, it should be taken into account that habitat and spatial context might change 83 
over time and these changes might strongly affect the level of invasion of a site (Vilà and 84 
Ibáñez 2011). A number of recent works indicate that the invasion degree of habitats 85 
might be strongly related with their historical legacy (Vilà et al. 2003; Domènech et al. 86 
2005; Pino et al. 2006; DeGasperis and Motzkin. 2007; Mosher et al. 2009; Pretto et al. 87 
2010; Aragón and Morales 2013; Basnou et al. 2014). However, very little is known about 88 
how this legacy affects the invasion process. Recently, it has been proposed that it is a 89 
complex combination of two processes that might occur at contrasting time scales: 90 
landscape and habitat changes and the invasion process itself.   91 
The invasion process is made up by different stages that might take place over time 92 
depending on the characteristics of the species and the spatial context (Theoharides and 93 
Dukes 2007). These processes are introduction, establishment and spread. The 94 
introduction depends, basically, on the propagule pressure, climate conditions, resource 95 
availability and species traits. The establishment and spread depend basically on specific 96 
processes of local adaptation but also on interactions with other plants or other trophic 97 
levels, disturbance regime, patch attributes and connectivity among different populations 98 
(Theoharides and Dukes 2007). Not all species finish this process as many of them are 99 
extirpated from the recipient areas during the introduction and establishment processes 100 
(Pysek et al. 2004), but even species that do so might take some time (e.g. years or 101 
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decades) to complete this process from introduction to spread after changes in habitats 102 
and landscapes.  103 
When this happens, there might be the so called invasion credits which are defined as 104 
the delayed increase in the richness and abundance of alien species after habitat change 105 
(Kowarik 1995; Vilà and Ibáñez 2011). Invasion credit is a particular case of immigration 106 
credit experienced by a committed increase of species richness after a forcing event 107 
(Jackson and Sax 2010).  108 
There are no empirical evidences of invasion credits in habitat invasions but there are 109 
some studies suggesting their existence. Domènech et al. (2005) found that time since 110 
abandonment is really important in determining species composition in a particular area 111 
and in determining the vulnerability of a site to be invaded. Several related features such 112 
as direction (trajectory towards more degraded or more restored land-use), and intensity 113 
(magnitude of the land-use change) of change, and number of stages (number of land-114 
use steps) can also modify the introduction, establishment and spread of alien species 115 
at a site (Domènech et al. 2005). Mosher et al. (2009) also found that the land use history 116 
plays an important role on the pattern, extent and timing of the woody plant invasion 117 
process. 118 
The major problem in studies as such is that time series information is rarely available 119 
and this makes the investigation of the invasion credit very limited to few studies. A 120 
solution is to assess the relationship of current data of presence, richness and 121 
abundance of alien species with the information about context and habitat conditions in 122 
the past obtained by photointerpretation, as explored in colonization credit (Basnou et 123 
al. 2014) and extinction debt (Kuussaari et al. 2009) studies.  124 
The aim of the study is to know how habitat and landscape changes influence the 125 
invasion process in the case of alien plants. We have used information about the past 126 
(in 1956 and 1993) and the present (2009) landscape obtained by photointerpretation 127 
and other variables related with the topography, climate and changes over time. To 128 
model the different phases in the invasion process, we have used presence and 129 
richness, as indicators of the introduction and establishment, and abundance, as 130 
indicator of the spread of alien plants. The specific questions of the study are: (1) which 131 
is the relative effect of habitat properties, and current and historical spatial context in the 132 
introduction, establishment and spread of alien species in an area?; (2) are the 133 
introduction, establishment and spread driven by the present or the past landscape?; 134 
and (3) is there any evidence of an invasion credit?  135 
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We expect that there is an important effect of the habitat properties and propagule 136 
pressure in the introduction and establishment of alien plant species (Theoharides and 137 
Dukes 2007). On the other hand, we expect landscape characteristics to be the most 138 
important factors in determining the spread of alien species, due to the importance of the 139 
landscape in the spread of alien species (Vilà and Ibáñez 2011). The spread of alien 140 
plants is expected to be more related to the past than to the present landscape 141 
(Domènech et al. 2005; DeGasperis and Motzkin 2007; Vilà and Ibáñez 2011). Finally, 142 
we expect to find some evidences of invasion credit due to the high number of changes 143 
in the landscape, basically croplands abandonment that the study zone has suffered 144 
since 1956 which might have enhanced the introduction, establishment and spread of 145 
alien plants. Moreover, the establishment and spread of these species might take several 146 
years or decades due to biological and ecological constraints, and also to limitations in 147 
propagule pressure (Vilà and Ibáñez 2011).  148 
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Materials and methods 149 
Study area 150 
The Barcelona province (772437,5 ha) is located into Catalonia, in the NE corner of the 151 
Iberian Peninsula (1º 39’ 55’’-1º 56’ 11” N, 1º 20’ 4”-2º 46’ 39” E; Fig.1). The region 152 
exhibits highly variable environmental conditions resulting from its topography, with 153 
elevations ranging from 0 to 2590 m.a.s.l. and geographical situation receiving 154 
Mediterranean, Atlantic and even Sahara influences (Ninyerola et al. 2000). 155 
The province exhibits high landscape heterogenity. In the highest areas of the northern 156 
most limit, close to Pyrenees, landscapes are dominated by forests, while coastal areas 157 
and pre-coastal plains are highly dominated by built-up areas, especially close to 158 
Barcelona. The centre of the province shows a set of mountain ranges mostly dominated 159 
by forests, especially in the east, combined with a set of inland plains and platforms 160 
mostly occupied by croplands and shrublands. Forests are the dominant land cover 161 
category (50% of the province area) followed by croplands (21%), urban zones (12,8%) 162 
and shrublands (11%) (Land Cover Map of Catalonia, LCMC, 2009: 163 
http://www.creaf.uab.es/mcsc/).   164 
Figure 1. The Barcelona Province in the NE corner of the Iberian Peninsula. Colours represent 165 
habitats studied, while points represent the sampling plots.  166 
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Floristic sampling 167 
The invasion degree of main habitats in the study area was assessed during the year 168 
2012. A set of sampling points were selected on a digital coverage of the most important 169 
habitat types in the Barcelona Province (coastal habitats, broad-leaved forests, 170 
coniferous forests, croplands, meadows, riparian habitats, rocks, shrublands, urban 171 
habitats and wetlands), obtained by reclassifying the Cartography of Habitats in 172 
Catalonia (UB, 2010). Points (n=531) were stratified across the different habitat types, 173 
proportionally to the logarithm of their importance in the province. This allowed to have 174 
a good representation of the entire study area but also to have enough replicates of the 175 
studied habitats. Presence and abundance [i.e. species cover percentage following the 176 
Braun-Blanquet scale (Braun-Blanquet et al. 1932)] of each alien plant were recorded in 177 
a plot of 5 m radii on each sampling point.  178 
Modelling species presence, richness and abundance 179 
General linear models (GLM) were performed using presence (invaded and non 180 
invaded), richness (number of alien species) and abundance of alien species as 181 
dependent variables. Only non-native species introduced after 1500 B.C. (i.e. 182 
neophytes) were considered. Presence and richness have been used as proxies of the 183 
introduction and establishment stage in the invasion process, while abundance has been 184 
used as a proxy for the spread of alien plant invasion.  185 
A set of potential correlates of alien species presence, richness and abundance were 186 
obtained per sampling plot. These variables were classified into three different 187 
categories: habitat, current context and historical context (Table 1). 188 
- Habitat variables: habitat type, herbaceous cover, shrub cover and tree cover, all 189 
obtained in the field sampling.  190 
- Current context, with the following sub-categories.  191 
o Climate: mean annual temperature, mean annual solar radiation and 192 
annual rainfall. All of them obtained from the Climatic Digital Atlas of 193 
Catalonia (http://www.opengis.uab.cat/acdc/catala/cartografia.htm).  194 
o Topography: latitude, longitude, elevation, aspect, slope, distance to the 195 
main streams, distance to large urban areas (>40.000 inhabitants) and 196 
distance to the main roads. Elevation, aspect and slope were obtained 197 
based on the Digital Elevations Model (DEM) of Catalonia. The other 198 
variables were obtained from the Catalan government webpage 199 
(http://www.gencat.cat). 200 
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o Current landscape in a radius of 50m, 500m and 1000m from the 201 
sampling points. The variables calculated at each distance were 202 
percentages of the different land uses classified into urban, agricultural 203 
and natural for the maps of 2009. Land use data was obtained from 204 
different editions of the Land Cover Map of Catalonia (LCMC, 2009). 205 
o Current alien plant species richness per UTM 10km in 2009 (EXOCAT, 206 
2012) as proxy of current propagule pressure at landscape level.  207 
 208 
- Historical context and changes.  209 
o Historical landscape in a radius of 50m, 500m and 1000m from the 210 
sampling points. The variables calculated at each distance were 211 
percentages of the different land uses classified into urban, agricultural 212 
and natural for the maps of 1956 and 1993.  Land use data was obtained 213 
from different editions of the Land Cover Map of Catalonia (LCMC, 1993) 214 
and from the Land Cover Map of the Barcelona Province of 1956 (LCMB, 215 
1956). 216 
o Number of changes among the different years, years of stability and 217 
direction of the changes were calculated for two different radius: 10m and 218 
50m. Layers of the land-use in two different years (1956 and 1993) were 219 
obtained by photointerpretation. 220 
First, a Pearson’s correlation matrix was calculated using the potential independent 221 
variables in order to reduce the number of variables in the regression analysis and the 222 
colinearity among them. A tolerance of a pair wise r2 > 0.56 (|r| = 0.75) was used to 223 
determine unacceptable colinearity between predictor variables. From the most 224 
correlated variables, those with a best ecological meaning and explanatory power (those 225 
with the least colinearity with the rest of the factors) were selected (Table 1).  226 
  227 
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Table 1. Predictor variables classified into the different types and the extent of the measurement. 228 
Those with a (*) were the ones selected to create the full models.  229 
Variable Data Source 
  Habitat  
     Habitat type.* Field sampling (CREAF, 2012) 
     % herbaceous cover.* 
     % shrub cover.* 
     % tree cover.* 
  
Current context  
Climatic  
     Mean annual temperature. Climatic Digital Atlas of 
Catalonia (2004) 
http://magno.uab.es/atles-
climatic/index_us.htm 
     Mean annual solar radiation.* 
     Annual rainfall.* 
Topographic  
     Latitude.  
     Longitude.*  
     Elevation.* 
Digital Elevations Model (DEM) 
of Catalonia. 
     Aspect.* 
     Slope.* 
     Mean distance to the main streams.* Catalan government webpage 
http://www.gencat.cat      Mean distance to the main roads.* 
     Mean distance to large urban areas.* 
  Landscape  
     Croplands % 2009.* (100m, 500m* and 1000m) Land Cover Map of Catalonia 
(LCMC) CREAF (2009), 
http://www.creaf.uab.es/mcsc/ 
     Urban % 2009.* (100m, 500m* and 1000m) 
     Alien plant per UTM richness in 2010  EXOCAT (2012) 
  
Historical context and changes  
Landscape  
     Croplands % 1956.* (100m, 500m* and 1000m) 
Land Cover Map of Catalonia 
(LCMC) CREAF (1956, 1993), 
http://www.creaf.uab.es/mcsc/ 
     Urban % 1956.* (100m, 500m* and 1000m) 
     Croplands % 1993.* (100m, 500m* and 1000m) 
     Urban % 1993.* (100m, 500m* and 1000m) 
     Alien plant per UTM richness in 1989 Casasayas (1989) 
  Changes  
     Number of changes.* 
Land Cover Map of Catalonia 
(LCMC) CREAF (1993), Land 
Cover Map of Barcelona 
Province (LCMB) CREAF (1956) 
http://www.creaf.uab.es/mcsc/ 
     Years of stability.* 
     % of progressive changes between 1956 and 2009* 
     % of regressive changes between 1956 and 2009* 
     % of no changes between 1956 and 2009* 
     % of progressive changes between 1993 and 2009* 
     % of regressive changes between 1993 and 2009* 
     % of no changes between 1993 and 2009* 
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A binomial distribution of errors was used for the presence models while a Poisson one 230 
was used for richness and a Gaussian one was used for abundance.  231 
We performed three different types of generalized linear models (GLM): (1) partial 232 
models for (a) climatic and topographic variables, (b) habitat variables, (c) landscape 233 
and alien plant species variables and (d) changes variables; (2) full models and (3) 234 
interaction models among habitat and the other variables.  235 
The partial models were constructed to compare the explanatory power of the different 236 
groups of variables and, consequently, to know which was the most important group of 237 
variables in explaining our response variables. The full models were constructed to 238 
detect the most important variables in predicting the presence, richness and abundance. 239 
In the interaction analyses the objective was to know if the responses to the variables 240 
differed depending on the habitat type. 241 
In the case of the full model, the steps followed were: 242 
1. Creation of the full model. 243 
2. Selection of the significant variables of the full model.  244 
3. Creation the new model with the significant variables. 245 
4. Selection of the best model (with the lower AICc value) with those significant 246 
variables. 247 
In the interactions analyses, habitat was reclassified into three categories (urban, 248 
croplands and natural (the other habitats in the database)). In this case the steps 249 
followed were: 250 
1. Creation of the full model  251 
2. ANOVA analyses 252 
3. Post-hoc analyses (Tukey) for the significant variables in the ANOVA. 253 
The selection of the models was done using the Akaike’s information criterion corrected 254 
for a large number of predictors (AICc) and the dredge process. The Akaike’s information 255 
criterion is an indicator of the goodness of fit and the complexity of the model. This value 256 
is lower with the best fitted model and in the model with lower complexity. The dredge 257 
process selects the best model with the lower AICc value.  258 
  259 
12 
 
It is important to consider that presence analyses were done with the whole number of 260 
sampling data (n=531) while richness and abundance analyses were only done with the 261 
samples where their values were ≥1 (n=151). The reason is that the residuals of the 262 
analyses were not normal and the results were biased (the models were not 263 
representative of our data) if we used all of the database for the richness and abundance 264 
analyses. 265 
In all models we tested the spatial autocorrelation by calculating the I Moran’s index of 266 
the residuals of the best model for each dependent variable.  267 
All statistical analyses were performed with the R-CRAN software (R Development Core 268 
Team 2009). We used the packages MuMin, Effects and Corrgram for the selection of 269 
the best models, the ANOVA analyses and the creation of the correlogram for the 270 
autocorrelation analyses, respectively. 271 
  272 
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Results 273 
Partial models  274 
Habitat variables were the most important ones in explaining the presence of alien plants 275 
because of their low AICc value (Fig. 2a). The topographic variables were the most 276 
important ones in explaining richness of alien plants (Fig. 2b). Finally, landscape 277 
variables were the most important ones in explaining the abundance of alien plants (Fig. 278 
2c).  279 
 280 
 281 
 282 
 283 
 284 
 285 
 286 
 287 
Figure 2. AICc values of the best model for each dependent variable (presence (a), richness (b) 288 
and abundance (c)) and for each partial model (topography, habitat, landscape and changes). 289 
Low AICc values indicate high explanative power of the corresponding models.  290 
Full models 291 
The presence in each site was, basically, explained by topographic (longitude, elevation 292 
and distance to urban zones) and habitat variables (habitat type and shrub cover). The 293 
mean number of changes in a 50 m radium was also significantly related with the 294 
presence (Table 2).  295 
Alien plant richness was explained by two topographic variables (longitude and 296 
elevation). No habitat, landscape or changes variables were significantly related with 297 
alien plant richness.  298 
Abundance was mainly explained by historical landscape variables such as the 299 
croplands percentage in 1956 and 1993. No topographic, habitat or changes variables 300 
were significant in explaining the abundance of alien plants.  301 
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Comparing the best partial models for the three groups of variables, that of presence 302 
showed the lowest AICc value followed by that of abundance while that of richness had 303 
the highest AICc value. This means that the best model for richness explained less than 304 
those of abundance and presence.  305 
There was no autocorrelation in the models for the three dependent variables, namely 306 
presence (Annexes; Fig. 1), richness (Annexes; Fig 2) and abundance (Annexes; Fig. 307 
3).  308 
Table 2. Variables included in the best models for each dependent variable. P value, sign and 309 
type of each explanatory variable and AICc of each final model.  310 
 311 
 312 
 313 
 314 
 315 
Model P value Estimate Variable type AICc 
Presence    402.97 
     Longitude 0.0157 +1.370e-05 Topographic  
     Elevation  2.45e-07 -3.030e-03 Topographic  
     Distance to urban zones  0.00032 -3.112e-05 Topographic  
     Habitats referring to croplands     
         Coastal areas 0.00291 -2.415e+00 Habitat   
         Coniferous forests 1.26e-07 -3.192e+00 Habitat   
         Deciduous forests 1.35e-07 -3.326e+00 Habitat   
         Meadows 0.0121 -1.537e+00 Habitat   
         Riparian habitats 0.0812 -6.956e-01 Habitat   
         Rocks 0.0011 -3.521e+00 Habitat   
         Shrublands 4.30e-09 -3.981e+00 Habitat   
         Urban zones 0.7543 -1.518e-01 Habitat   
         Wetlands 0.0245 -1.160e+00 Habitat   
     Shrub cover 0.0395 +1.028e-02 Habitat  
     Number of changes 0.0539 +5.470e-01 Changes   
Richness    537.8 
     Longitude 0.0278 +4.869e-04 Topographic  
     Elevation  0.0153 -5.688e-06 Topographic  
Abundance    444.63 
     Croplands percentage 1956 0.0267 +1.194 Landscape  
     Croplands percentage 1993 0.0359 -1.126 Landscape  
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Models with interactions 316 
In the case of presence, there were significant (or marginally significant) interactions 317 
between habitat and elevation, aspect, slope, distance to the main streams, alien plant 318 
richness in 1989, number of changes in the 1956-2009 period, urban percentage in 1993, 319 
progressive changes in 1993-2009 and regressive changes 1956-2009 (Table 3). There 320 
was a positive association between distance to the rivers and alien species presence 321 
(i.e. invasion risk) in the case of croplands, while this relation was negative in natural 322 
habitats (Annexes; Fig. 4). The differences between the general interaction p-values and 323 
the post-hoc test are probably due to the use of the conservative Tukey test for the post-324 
hoc analyses.  325 
Table 3. Significant interactions among habitat and different predictor variables for presence. Test 326 
post hoc for each pair of habitats (croplands vs. natural, croplands vs. urban and urban vs. 327 
natural) and p-value for the general interaction.  328 
Dependent 
Variable 
Interaction with 
habitat 
Croplands-
Natural 
Croplands-
Urban 
Urban-
Natural 
P-value 
Presence 
 Elevation 0.966 0.395 0.407 0.061 
 Aspect 0.145 0.658 0.423 0.051 
 Slope 0.655 0.247 0.322 0.092 
 Distance to the main 
streams 
0.0136 0.714 0.271 0.0012 
 Alien plant richness 
1989 
0.657 0.303 0.404 0.075 
 Number of changes 
1956-2009 
0.859 0.322 0.354 0.046 
 Urban percentage 
1993 
0.306 0.187 0.435 0.060 
 Progressive changes 
1993-2009 (%) 
0.374 0.184 0.280 0.013 
 Regressive changes 
1956-2009 (%) 
0.553 0.288 0.419 0.087 
 329 
In the case of richness there were significant interactions between habitat and elevation 330 
and also between habitat and slope, annual radiation, and progressive and regressive 331 
changes between 1956 and 2009. However, in the post-hoc tests, only elevation and 332 
annual radiation showed significant interactions. As for elevation, post-hoc tests detected 333 
significant differences between croplands and urban habitats.  334 
 335 
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Croplands showed a positive relationship between species richness and elevation while 336 
this relation was negative for urban habitats (Annexes; Fig. 5). On the other hand, 337 
differences between natural and urban habitats were observed for annual radiation, and 338 
progressive and regressive changes for the 1956-2009 period (Table 4). In the case of 339 
annual radiation, the association with alien species richness was negative in natural 340 
habitats and positive in urban habitats (Annexes; Fig. 6). For progressive and regressive 341 
changes in 1956-2009, the association with alien plant species richness was positive in 342 
urban habitats but negative in natural ones (Annexes; Fig. 7 and Fig. 8).   343 
 344 
Table 4. Significant interactions among habitat and different predictor variables for richness. Test 345 
post hoc for each pair of habitats (croplands vs. natural, croplands vs. urban and urban vs. 346 
natural) and p-value for the general interaction.  347 
Dependent 
Variable 
Interaction with 
habitat 
Croplands-
Natural 
Croplands-
Urban 
Urban-
Natural 
P-value 
Richness 
 Elevation 0.070 0.010 0.682 0.011 
 Slope 0.089 0.961 0.318 0.084 
 Annual radiation 0.247 0.179 0.028 0.021 
 Progressive changes 
1956-2009 (%) 
0.313 0.985 0.063 0.050 
 Regressive changes 
1956-2009 (%) 
0.333 0.881 0.043 0.046 
 348 
For alien species abundance, there were significant interactions between habitat and the 349 
percentage of croplands in 1993, the number of changes in the 1956-2009 period, and 350 
progressive changes in 1956-2009 and 1993-2009 periods. However, only the number 351 
of changes was significantly different comparing croplands and urban zones in a post 352 
hoc analysis (Table 5). The association between species abundance and the number of 353 
changes was positive in croplands but negative in urban habitats (Annexes; Fig. 9).  354 
 355 
  356 
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Table 5. Significant interactions among habitat and different predictor variables for abundance. 357 
Test post hoc for each pair of habitats (croplands vs. natural, croplands vs. urban and urban vs. 358 
natural) and p-value for the general interaction.  359 
Dependent 
Variable 
Interaction with 
habitat 
Croplands-
Natural 
Croplands-
Urban 
Urban-
Natural 
P-value 
Abundance 
 Croplands 
percentage 1993 
0.097 0.820 0.135 0.041 
 Number of changes 
1956-2009 
0.302 0.016 0.119 0.019 
 Progressive changes 
1956-2009 (%) 
0.579 0.857 0.867 0.039 
 Progressive changes 
1993-2009 (%) 
0.579 0.857 0.867 0.071 
 360 
  361 
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Discussion  362 
Our results indicate that habitat type is the most important factor determining alien 363 
species presence and richness, while the historical surrounding landscape is the primary 364 
correlate of species abundance. These results suggest that habitat and context effects 365 
on habitat invasion are different for the diverse invasion stages (i.e. introduction, 366 
establishment and spread) considered in the study. Finally, the association between 367 
species abundance and the past landscape suggests the presence of an invasion credit 368 
(sensu Vilà and Ibáñez 2011) in the spread stage. 369 
Results regarding the studied proxies of species introduction and establishment (i.e. 370 
species presence and richness) agree with those by Chýtry et al. (2008) who found that 371 
habitat invasibility is the most important factor determining habitat invasion by alien 372 
plants. However, it should be noted that the successive introduction and establishment 373 
of alien species (assessed using alien species richness) is only explained by two context 374 
factors (longitude and elevation) and this suggests that the introduction and 375 
establishment of the diverse alien species might follow a relatively random pattern, not 376 
clearly associated to context factors.  377 
Habitat invasibility has been reported in several studies as the major factor determining 378 
the invasion process (Chytrý et al. 2005; Gassó et al. 2012), which matches with our 379 
results. The most invaded habitats are urban areas followed by croplands, riparian 380 
habitats and coastal habitats. These results agree with those by Chytrý et al. (2005) and 381 
Vilà et al. (2007) who found a major number of alien plants in those habitats with more 382 
disturbance level, and also with those by Chytrý et al. (2008) who found the same pattern 383 
in all European habitats. These results are supported by the hypothesis of fluctuating 384 
resource availability and the propagule pressure: in disturbed habitats, there are more 385 
resources available because of the removal of the resident vegetation that favours the 386 
introduction and establishment of alien plants (Davis et al. 2000).  387 
The role of habitat invasibility on the invasion of our study habitats is modulated by 388 
context factors, as shown by the significant interactions of habitat type with diverse 389 
variables (Table 4). In any case, the low number of significant interactions in the post-390 
hoc analysis seems to indicate a lack of a specific pattern for each type of habitat and 391 
that this modulating effect on habitat type is not strong. It is important to consider that 392 
these analyses were performed with a reduced number of habitat categories (urban, 393 
natural and croplands) which can be the cause of these results. Repeating the analysis 394 
with more habitat categories could give more significant results because of the high 395 
heterogeneity of the natural habitat group. However, this alternative is currently 396 
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constrained from the low number of samples per extended habitat type, and new 397 
samplings would be needed.  398 
Our study also detected significant effects of context factors on the diverse stages of the 399 
invasion process (basically introduction and establishment), as also found in previous 400 
studies (e.g. Chytrý et al. 2005; Pino et al. 2005; Walter et al. 2005; Vilà et al. 2007). 401 
Elevation is known to be important in determining alien species richness, our proxy of 402 
alien species introduction and establishment, and high richness of alien plants in low 403 
elevations is reported in many papers at diverse scales (Aragón and Morales, 2003; 404 
Chytrý et al. 2005; Pino et al. 2005; Vilà et al. 2007). This finding can be explained by 405 
the fact that alien plants in Catalonia have their origin in the tropical and subtropical 406 
regions so they need to be in the lower zones, with a warmer climate (Casasayas 1989). 407 
As for longitude, the positive relationship with species presence and richness found in 408 
our study can be explained by the distribution of the population or by the regional plant 409 
richness in the study zone. In relation to this, Pino et al. (2005) found that large scale 410 
(UTM 10-km) alien species richness was higher in the north-eastern than in the south-411 
western coast of Catalonia. Moreover, the higher presence and richness of alien species 412 
can also be related with some socioeconomic causes such as the higher dynamism of 413 
the north-eastern coast in Catalonia (Vilà and Pujadas 2001).  414 
The distance to urban areas, another important context factor in our study, is negatively 415 
related with the introduction and establishment (i.e. presence) of alien plants (the less 416 
distance to urban zones, the more likely the presence of alien plants). These results are 417 
supported by those by Pino et al. (2006) and Deutschewitz et al. (2003) who found that 418 
the number of alien plants at a landscape scale was positively associated with urban 419 
cover, which is considered a proxy of the disturbance level and propagule pressure. 420 
Urbanized regions show higher alien species frequency, richness and abundance and, 421 
consequently, they are responsible for higher alien propagule pressure in habitats 422 
(Catford et al. 2011). Also, it is known that human altered habitats are a common 423 
reservoir of non-native species because disturbance reduces the competition and 424 
increases the number of safe sites for alien species establishment (Pino et al. 2006; 425 
Gavier-Pizarro 2010; Vilà and Ibáñez 2011; González-Moreno et al. 2013).  426 
We have found that landscape properties are the only correlates for species abundance, 427 
considered as a proxy of species spread, and it is supported by the significant 428 
interactions relating landscape and its changes with alien plant abundance (Theoharides 429 
and Dukes 2007; Vilà and Ibáñez 2011). The association with current landscape had 430 
been previously reported both for particular species (e.g. Domènech et al. 2005) and for 431 
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the whole alien species community (González-Moreno et al. 2013) and can be explained 432 
by the great importance of the surrounding landscape heterogeneity on the incidence of 433 
plant invasions (Vilà and Ibáñez 2011). Landscape heterogeneity positively affects 434 
propagule pressure and, consequently, facilitates the spread of alien plant species 435 
(González-Moreno et al. 2013). However, it seems that current landscape has no effect 436 
in the first stages of invasion (i.e. introduction and establishment), differing from Mosher 437 
et al. (2009) and Aragón and Morales (2003) who suggested that previous land use could 438 
influence the first stages of invasion. This fact shows that there are differences in the 439 
factors driving the different stages in the invasion process which is according with 440 
Theoharides and Dukes (2007).  441 
What is new in our study is the identification of significant yet secondary effect of the 442 
historical context on the diverse components of the invasion stages. This effect is 443 
reflected in two main results: the positive relationship between the presence of alien 444 
plants and the number of changes in the landscape and the relationship between species 445 
abundance and the past landscape.  446 
The first result suggests that land use legacy has a noticeable effect on the invasion 447 
degree of habitats in the Barcelona province, as locally reported by Vilà et al. (2003) and 448 
Domènech et al. (2005) for Opuntia spp. and Cortaderia selloana. These results 449 
corroborate that habitat instability across time favours the spread of exotic species in 450 
Mediterranean habitats (Basnou et al. 2014). These changes in the habitat may have 451 
facilitated both the introduction and the establishment of the alien plant species that we 452 
can now find in the sampling points.    453 
However, there is no significant association between the presence of alien plants and 454 
the type of change (either regressive or progressive). This means that what is really 455 
important is the occurrence of the change rather than its type (Domènech et al. 2005), 456 
and this result differs from those reported by Vilà and Ibáñez (2011), who found that 457 
regressive changes were more associated with an increasing number of alien plants 458 
while the progressive ones were more associated with a reduction in alien plants. 459 
The second result, i.e. the abundance of alien plants associated with the intensity of the 460 
past land use, provides evidence of the invasion credit (sensu Vilà and Ibáñez 2011) in 461 
the spread stage. This result suggests that croplands in 1956 provided opportunities for 462 
alien species establishment as commonly in croplands (Davis et al. 2000; DeGasperis 463 
and Motzkin 2007), and these species would have started their spread later in time thus 464 
originating the invasion credit in the spread stage.   465 
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The negative relationship between the percentage of croplands in 1993 and the alien 466 
plant abundance can only be explained in a metropolitan context of progressive 467 
landscape urbanization, in which recent croplands correspond to the least transformed 468 
areas in the last year. Then, the relative stability of these areas might have affected alien 469 
species spread through a lower disturbance pressure on habitats, which might have 470 
determined less resources available and higher competition with resident species (Davis 471 
et al. 2000) than in highly disturbed landscapes.  472 
Conclusions and further studies 473 
We can conclude that habitat properties and current and historical context have effects 474 
on the habitat invasion, but depending on the diverse stages (introduction, establishment 475 
and spread) of the invasion process. Introduction and establishment are mostly affected 476 
by habitat invasibility, but also by some current context variables as found by some 477 
previous studies. The influence of landscape changes shows an effect of the historical 478 
context in these invasion stages. Spread, on the other hand, is mainly related to the past 479 
landscape fact that provides evidences of an invasion credit in this stage of the invasion 480 
process.  481 
However, we have to consider that richness and abundance analyses have been done 482 
only for plots with alien species presence. This constraints the interpretation of the results 483 
and it is important to consider richness and abundance basically for metropolitan regions 484 
with high population density and high landscape transformation.  485 
  486 
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This study sets some bases that had been little studied but are relevant in the invasion 487 
process. However, the invasion process is really complex and there are several factors 488 
affecting it. In our study we have added the historical context and changes until now to 489 
the previous work but there are some other factors such as the introduction event, the 490 
invasiveness or the residence time of particular species that should be considered. All of 491 
these factors can modify the time at which we can consider that a species is established 492 
in a place and at which this specie starts the spread stage (Alpert et al. 2000, Pysek and 493 
Jarosik 2005). Including these factors in further research would help to improve our 494 
knowledge about the invasion process of Mediterranean habitats by alien plants and its 495 
associated factors.    496 
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Annexes 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Correlogram for the full model of alien species presence. 
 
 
Figure 2. Correlogram for the full model of alien species richness. 
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Figure 3. Correlogram for the full model of alien species abundance. 
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Figure 4. Interaction graph between distance to the main streams and habitat. Relation between 
distance to the main stream and alien plant presence for the three habitats used in this analyses 
(Croplands, natural and urban).  
 
 
Figure 5. Interaction graph between elevation and habitat. Relation between elevation and alien 
plant richness for the three habitats used in this analyses (Croplands, natural and urban).  
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Figure 6 Interaction graph between annual radiation and habitat. Relation between annual 
radiation and alien plant richness for the three habitats used in this analyses (Croplands, natural 
and urban).  
 
 
Figure 7. Interaction graph between progressive changes 1956-2009 and habitat. Relation 
between progressive changes 1956-2009 and alien plant richness for the three habitats used in 
this analyses (Croplands, natural and urban).  
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Figure 8. Interaction graph between regressive changes 1956-2009 and habitat. Relation 
between regressive changes 1956-2009 and alien plant richness for the three habitats used in 
this analyses (Croplands, natural and urban).  
 
Figure 9. Interaction graph between croplands percentage 1993 and habitat. Relation between 
croplands percentage 1993 and alien plant abundance for the three habitats used in this analyses 
(Croplands, natural and urban).  
